Nanocrystals (NCs) of lead halide perovskites have recently attracted great interest because of their favorable optoelectronic properties including strong light absorption, highly efficient photoluminescence (PL) emission, and color tunability through composition engineering. [1] [2] [3] [4] [5] [6] [7] [8] [9] These features are pivotal for applying perovskite semiconductor NCs in color-selectable narrow-line-width light-emitting diodes (LEDs), [10] [11] [12] [13] [14] lowthreshold lasers, [15] [16] [17] quantum light emitters, [18] [19] [20] [21] [22] solar cells, [23] [24] [25] [26] photodetectors, 27 and radiation scintillators. 28, 29 Impurity doping can provide an additional level of control over the electronic, magnetic, and optical properties of semiconductor NCs. [30] [31] [32] Doping perovskite NCs with manganese(II) (Mn 2þ ) has been widely studied because such NCs display dual emission colors: the efficient yellow emission from the Mn 2þ and the band-edge recombination in NCs. [33] [34] [35] [36] [37] [38] The dual-color emission from Mn 2þ -doped perovskite NCs makes them promising for use in high performance LEDs, [39] [40] [41] luminescent solar concentrators, 42, 43 and biomedical imaging. 44 In Mn A 1 transition, which is an electric-dipole forbidden process with an extremely long relaxation lifetime (s Mn of $1 ms). 45, 46 The Mn 2þ ions are excited by the energy transfer from photo-induced excitons in the NCs occurring on the nanosecond time scale (s ET $ 3-8 ns). 33, 34 The lifetimes of excitation and deexcitation processes are highly imbalanced (s Mn ) s ET ), leading to a bottleneck of energy transfer upon high density excitation. 46 Together with Auger recombination in semiconductor NCs 47 and nonradiative cross relaxation in Mn 2þ , 48 the energy-transfer bottleneck may substantially modify the intensity ratio between the band-edge emission and the dopant emission with changing excitation density. Such color-tunable luminescence has been intensively studied for Mn 2þ -doped chalcogenide II-VI semiconductor NCs [46] [47] [48] [49] but remains poorly understood for Mn 2þ -doped perovskite NCs. Here, we report the tailoring of the dual-color emission from Mn 2þ -doped perovskite NCs with a continuous-wave (CW) laser at a record low light density and its underlying mechanism. Upon CW excitation, the PL from Mn 2þ ions saturates at an excitation level of 10 mW/cm 2 , which is over one-order of magnitude lower than that in Mn 2þ -doped chalcogenide II-VI semiconductor NCs. We unambiguously show that the primary mechanism is a bottleneck of exciton-Mn 2þ energy transfer by conducting measurements with pulse excitations at different repetition rates. Such light-driven color-tunable emission may be applied to high-power light sensors, anti-counterfeit printing, and photo-switchable image markers.
Samples of Mn 2þ -doped CsPbCl 3 NCs are prepared by hotinjection synthesis, as described in the supplementary material. 3, 33, 34 The doping level of Mn 2þ ions (x) is controlled by varying the feed molar ratio of MnCl 2 to PbCl 2 . The exact doping levels in each sample were characterized post-synthesis by inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 5300DV). Transmission electron microscopy (TEM, TECNAI F20) and X-ray diffraction (XRD, Rigaku D/MAX-Ultima III) were used to characterize the morphology and the crystal structure of Mn 2þ -doped CsPbCl 3 NCs. For optical measurements, toluene solutions of samples were added to a 1 mm-thick quartz cuvette with an optical density of $0.3 at the lowest lying excitonic features. The PL spectra of the NCs were measured using a monochromator (Acton SP2500, Princeton Instruments) equipped with a liquid-N 2 cooled charge-coupled device (CCD; Spec-10 400BX, Princeton Instruments). For CW and pulsed excitations with repetition rates above 1 MHz, we used a laser diode at the wavelength of 375 nm (LDH-D-C-375, Picoquant) working in the CW and pulse modes. For excitations with repetition rates below 1 MHz, a picosecond optical parameter amplifier (Picolo AOT MOPA, Innolas) was used at 355 nm. The excitation photon flux was calibrated for the two lasers. The decay lifetime of bandedge emission was measured by time-correlated single-photon counting (TCSPC, PicoHarp 300, Picoquant) under the 375 nm pulsed excitation with a repetition rate of 10 MHz. The lifetime of Mn 2þ emission is much longer than the time intervals of the laser pulses for TCSPC, so we recorded the decay dynamics of Mn À14 cm 2 in CsPbCl 3 NCs. With an increased doping level, a slight blue shift is observed in the absorption spectra due to the effect of Mn alloying on the bandgap of the NCs [ Fig.  1(c)] , 33, 50 which is also manifested in the spectra of band-edge emission [ Fig. 1(d) ]. The dopant emission centered at 600 nm is far from the absorption edge of the perovskite NCs, which is particularly suitable for applications in luminescent color concentrators. 43 In addition, the intensity ratio between the dopant emission and band-edge emission (g ¼ I Mn /I EX ) increases with the increasing doping level because of the enhanced energy transfer from the NCs to Mn 2þ dopants [ Fig. 1(d) ]. Figure 2 shows the excitation-density-dependent PL spectra observed from a solution sample of CsMn x Pb 1-x Cl 3 NCs Fig. 2(a) ] indicate that g gradually decreases with increasing excitation density. Such an excitation-densitydependent PL spectral profile is mainly induced by the saturation behavior of Mn 2þ emission [ Fig. 2(b) ]. As illustrated in Fig.  2(b) , the intensity of band-edge emission is linearly dependent on the excitation density in the considered range, but the dopant emission shows a sublinear dependence on the excitation density and saturates at high excitation density. To quantify the excitation density dependence, we analyze the intensity ratio (g) between the yellow emission and band-edge emission with a phenomenological model of
where g 0 is a constant describing the intensity ratio at the weak excitation limit, I is the excitation density, and I s is the saturation excitation density. The model can well reproduce the measured dependence of g(I) on the excitation density [ Fig. 2 (Fig. S3 in the supplementary  material) . Such a significant difference is related to the stronger light-matter interaction in perovskite NCs than that in conventional II-VI semiconductor NCs which is manifested with about one-order of magnitude increase in the absorption cross section. 1 To compare the saturation effect in different samples, we use the saturation excitation rate (k s ) defined as k s ¼ rI s /h, where r is the absorption cross section and h is the excitation photon energy at the incident wavelength. The k s value of Mn 2þ -doped perovskite NCs [ Fig. 2(d) ] is of the order of 10 3 s
À1
, which is comparable to those obtained in conventional II-VI chalcogenide NCs (Fig. S3 in the supplementary material) -doped perovskite NCs, we perform the measurements with pulsed lasers at different repetition rates [ Fig. 3(e) ]. The excitation photon flux is used to compare the excitation densities at different repetition rates. The saturation excitation photon flux is highly sensitive to the repetition rate [Figs. 3(e) and 3(f) ]. In Fig. 3(f) , we plot the saturation photon flux as a function of the time interval between excitation pulses. When the time interval is shorter than s Mn , 45 the saturation photon flux dramatically increases with an extending time interval. The population accumulation effect is crucial here, which can be regarded as an evidence of the depletion of population at the 4 T 1 states upon high-density excitation. As shown in Fig. 3(a) , the 4 T 1 states are excited by impact excitation from photo-excited excitons in the perovskite NCs. Such an energy transfer process is only efficient when its rate is comparable to that of the interband recombination in semiconductor NCs. Since the decay lifetime of band-edge emission is $0.4 ns [ Fig.  3(g) ], the characterized lifetime of an efficient energy transfer process should be on the timescale of nanoseconds or shorter, which is consistent with the value estimated in the literature. 33 However, the deexcitation process of 4 T 1 states in the sample is extremely slow [$1.5 ms, Fig. 3(h) ]. When the time interval is shorter than the deexcitation, the population accumulation at -exciton cross relaxation [ Fig. 3(d) ] 48 processes may be triggered. In consequence, PL emission from the dopants is strongly suppressed at high excitation density. When the time interval is much longer than s Mn , the accumulation effect plays an unimportant role. Instead, multiexciton Auger recombination [ Fig. 3(b) ] 47 becomes the primary cause of the saturation effect. From the above results, we conclude that the saturation effect under CW weak excitation is mainly caused by the bottleneck limiting energy transfer from excitons to dopants.
From the perspective of applications, the saturation of light emission upon weak excitation may hinder the practical operation of the LEDs using Mn 2þ -doped perovskite NCs in highbrightness lightening. Such a side effect may be suppressed by increasing the doping level. The excitation-tailored color tunability of the NCs also shows great potential for many applications. To demonstrate the excitation-controlled emission color of these nanocrystals, we extend the bandgap of the perovskite NCs to the blue range by introducing Br in the NCs. Figure 4(a) shows the absorption spectrum of a solution of Br-doped NCs through post-synthetic halide exchange. Br doping tunes the band-edge emission to $450 nm. In such a sample of CsMn x Pb 1-x Cl 3-y Br y , PL emission contains a mixture of the blue and yellow bands, the intensity ratio of which can be controlled by the excitation density [ Fig. 4(b) ]. The emission colors of the NCs under different CW excitations are marked in the International Commission on Illumination (CIE) 1931 color space chromaticity diagram in Fig.  4(c) . The emission color changes from nearly orange to pink and finally to purple-blue with increasing excitation density. Once calibrated in quantity, the intensity ratio can be used as a metric for light intensity sensing. These color changes are fully reversible, which is beneficial for practical applications.
In summary, we have demonstrated the saturation of dopant emission in Mn 2þ -doped perovskite NCs at a marked low excitation density. Such a saturation effect enables the control of dual-color emission at a marked low excitation density benefiting from the strong light-matter interaction in perovskite NCs. We present compelling evidence to show that this effect is primarily induced by the bottleneck of exciton-Mn 2þ energy transfer resulting from the long-lived population at the 4 T 1 states in the dopant ions. The excitation-controlled colortunable emission displayed by these NCs should aid the design and synthesis of functional nanomaterials. Color tunability realized upon weak CW excitation is of great promise for uses in light sensors, luminescent solar concentrators, anti-counterfeit printing, and photo-switchable image markers.
See supplementary material for sample preparation details, TEM characterization of CsPbCl 3 NCs (Fig. S1 ), excitationdependent dual-color emission in Mn 2þ -doped CsPbBr 3 NCs with different doping levels (Fig. S2) , and Mn 2þ -doped II-VI semiconductor NCs (Fig. S3) . 
